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Introduction

- We proposed to test the hypothesis that RhoB alteratron is responsrble for
medratrng FTI action mahgnant epithelial cells of the breast. Recent studles suggest
that prooncogenrc Rho proteins play an rmportant role in driving breast cancer for
example, as-in highly aggressrve mflammatory breast cancers where overexpressron of

- RhoC is a key oncogenic driver "2, RhoB is an antloncogemc member of the Rho gene

family which regulates cellular actin structure, adhesion, motility, proliferation, and

‘survival 3, RhoB may contribute to the regulatron of a signaling cascade that medrates

prollferatlon in response to epidermal growth factor (EGF) 4 a major mitogen for normal |
and neoplastrc breast cells. Moreover, RhoB has been assigned a specialized role in

- the intracellular traffi icking of the EGF receptor °.

Recent work in our laboratory has identified RhoB as a key target for alteration
by farnesyitransferase inhibitors (FTls), an experimental class of cancer therapeutics
that are beihg tested in clinical trials for breast cancer treatment ®. In preclinical models,
FTls have displayed relatively uhique properties: while largely nontoxic to normal cells
they dramatically inhibit the proliferation and/or survival of heopla.stically transformed
cells. These ‘cancer-seteetive' properties are of significant interest, in part because of
they can be traced to molecules other than the molecule that was initially strategized as

.a target for FTls, namely Ras 7 Interestingly, several lines of genetic evidence that

have been obtalned strongly support a model in which that the antineoplastic propertles
of FTIs are mediated by a gam-of-functlon in the antioncogenic RhoB protem

Although the main support has derived from mouse models there is also more recent
evidence that RhoB mediates the antmeoplastlc FTI response in human breast

“carcinoma cells or RhoC-transformed human mammary eplthehal cells 1.

In this research period, we have made progress in addressing a clinically
important question that has emerged with the finding that FTls display efficacy in humah
breast cancer: what are the factors which dictate efficacy in the minority of breast

" cancer patients that respond to FTI treatment? The original Aim 1 of the project — to




“test whether deletion of the RhoB gene compromised the antitumorrespon‘se to FTI

treatment in mouse models of human breast cancer — has been stymied indefinitely by
mouse breeding' issues that have arisen. This aim has been put on hold. The original

-'Aim 2 of the project — to explore a role for the RhoB effector kinase PRK in the
“antineoplastic response to FTl — was addressed substantially' in the previous period

(published in Oncogene 22: 1124- 1134 [2003]) Collaborative work with Sofi ia Merajver
and Kenneth van Golen and thelr colleagues at the UnlverS|ty of Michigan has
confirmed the essence of these f ndlngs in human breast epithelial cell model (Molec .
Cancer Therapeutics, 1: 575-583 [2002] and unpublished re'sults)' HoweVer this line of
work also suggested that PRK was not involved in FTI mduced apopt05|s a process

that is known to be linked to drug efficacy in mice '°. We therefore sought other

effectors of RhoB that were required for FTl-induced -'apopt03|s._ Significant progress in
this direction, as part of a refocused effort in Aim 2 that was reviewed and approved by
the USAMRMC this year, has been made. L

Body

Aim 1. This aim included mouse breedmg expenments to move the rhoB null
allele from a rhoB "knockout” mouse onto various ‘oncomouse’ models for breast
cancer. These included the well-documented mice called mouse mammary tumor virus

- (MMTV)-neu, MMTV-tumor growth factor-alpha (TGFa), and MMTV-H-ras -mioe.' Last

year, we learned that the MMTV-H- Ras strain is unsuited to the study, because of
fertility problems in males that were exacerbated by crossing the rhoB null allele into
this strain. This year, lssues also emerged with regard to breeding and use of the FTI-
susceptible MMTV-TGFa strain, which we have found to insufficiently reliable with
regard to tumor formation and phenotype. These may relate to modifier issues which
result from interbreeding these mice, which are on different strains. In light of the much
stronger progress being made in Aim 2, which impact important ernerging clinical issues
that are directly related to breast cancer treatment, we elected to put further work on

‘this aim on hold.




Aim 2. This year, this Aim was refocused on new developments in work todeﬁne
the determinants for FTl-induced apoptosis, which is known from mouse studies to be
critical for drug efficacy '°. The'originalﬁAim was to assess a possible role for PRK
kihase — a key effector kinase for RhoB signaling - in the FTI response. Positive
B 'support for the hypothesis that RhoB and PRK mediate growth suppression by FTI in
epithelial cells was obtained in the last period 12 However, related studies suggested
that PRK might not be important for FTI to trigger apoptosis. For this reason, we
initiated efforts to define other RhoB effector molecules that may be |mportant for
apoptosis by FTI. Over the past year, these studies matured sufficiently to lead to two
publications now in press at Oncogene and Cell Biology & Therapy 314, Preprmts of
manuscript proofs for these studies are attached (see Appendlx)

With regard to the origi'nal Aim 2 Tasks, we have essentially completed the work
proposed, within the refocus onto new tasks that were approved by the USAMRMC this
year. Briefly, in the revised Aim 2 we will determine whether overexpression of the
| cyclin B1 gene or suppression of the Bin1 'gene — two rather common events in breast
cancer — is sufficient to render cells FTI resistant. |

These latest efforts address the important question of what factors limit FTI
efficacy. A comparison of preclinical tests, performed in .'trahsgenic mouse models of
breast cancer, with clinical tests, in breast cancer patients, indioates that FTls are far
more efficacious in the mouse models than in the patients Why? Mouse studies argue
that the ability of FTls to Kkill cells is a key factor in their efﬁcacy ,afi hding that would
surprise few. FTI will induce growth lnhrbltion in most human breast cancer ceII lines *°
but with the exception of a few lines (e.g. MCF7 ®), most are not very susceptible to
apoptosis. Geneticvstudies in the mouse prove that the ability of FTI to induce
apoptosis depends upon gain-of-function in RhoB. Thus, one logical strategy to define
factors that dictate apoptotic susceptibility is to compare the genetic response of cells
with different RhoB genotypes to FTl-induced apoptosis. We used a RhoB knockout
model and a gene microarray hybridization strategy to focus specifically on events that
precede the execution of RhoB-dependent apoptosis (rather than on other aspects of



the FTI response mediated by RhoB gain-of-function, such as growth inhibition. By this
approach ™, genes that control cell adhesion and cell 'shape‘were'represehted'
'prominen'tly among upregulated térgets of RhoB, as were genes that control signal
transduction, vesicle dynamics, transcription, and immunity. Genes that control cell
. cycle checkpoints and progression fhrough S.-phase and mitosis wére amon.g the major
downregulated targets of RhoB. ln,'suppcrt_ of the éoncept of RhoB as a negatiVe
regulator of Ras signalirig pathWays, the most strongly downregulated gene scored was
: famesyi pyrophosphate synthetaSe, the enzyme that produces the substrate used ,'by FT
t0‘farnesylate Ras proteins. Gene dustering revealed modules for MAPK signaling, cell
cycle pro.gressidn, and immune response as proapoptotic targets of RhoB. Recent work
has focused on a central cellular regulator, cycl'in B1, that was idehtiﬁed‘ in this scre'eh.
Further sfudy of the set of 'this set of genes may yield insights into the dramatic
differences in efficacy and apoptotic prowess of most FTls in human can'c'ers, as

compared to transgenic mouse models.

We focused on the relevance of cyclin B1 suppression because of observations
from several laboratories that suggest RhoB can affe'ct'evénts ih mitosis, inqludin.g
events that impact apoptotic susceptibilities '®. Cyclin B1 downregulation was observed
to occur specifically in cellé that were fated to undergo apoptosis after FTI treatment, a
process which requires' RhoB. To test the hypothesis that downregulation of cyclin B1
was crucial for apoptosis, we enforced its expression in susceptible cells and asked
whether this was sufficient to render them resistant. Positive results were obtained:
cells overeXpressing cyclin B1 were susceptible to FTl-induced-growth inhibition,
morphological alteration, and actin reorganization, but they were resistant to FTI-
induced apoptosis. These findings highlight a specific effect of cyclin B1 on the survival
of transformed cells that is distinct from its effects on cell cycle, insofar as cy_clin'B1-
overexpressing cells did not cycle faster than control cells. We confirmed the
expectation of the ‘gene chip’ that RhoB can downregulate the cycli B1 promdter.
Prelim_inafy work suggests two further findings. First, studies with RhoB effector domain
mutants suggests that RhoB must interact with the downstream actin/microtubule
regulator mDia for this acﬁvity. mbDia is implicated in cytokinesis, consistent with a




connection to mitotic events. Second, it is clear that RhoB affects cyclin B1 at both.
transcriptional and posttranslational levels;'we are examining a possible connection
between mDia and Polo kinase, which phosphorylates cyclin B1 protein as a potentiel
mediator of the posttranslat:onal effects Current efforts focus on fully defining the
sngnallng linkage between RhoB and cyclin B1 in apoptosis by FTI.

In a second line of work, a serendlprtous observation by a member of our
Iaboratory led to the fi inding that the Bin1 gene is necessary for FTI to trigger apoptosis
via RhoB. Bin1 is a tumor suppressor gene that has been prevnously linked to breast
cancer suppression and transformatlon-selectlve apoptosis 7', To further develop the
hypothesis that Bin1 is a cancer suppression gene, we knocked out this gene in the
mouse %, Notably, transformed cells that lack Bin1 were found to be resistant to FTI-
induced apoptosis . The fi indings of this study argued that the adapter proteins
encoded by the Bin1 gene acted downstream or in parallel to RhoB in cell death
signaling. The death defect in Bin1 null cells was significant insofar it abolished FTI

efficacy in tumor xenog'raft assays. p53 deletion did not phenocopy the effects of Bin1

deletion. However, MEFs transformed by SV40 large T antlgen+Ras were also
resistant to apoptosis by FTI, consistent with other evidence that large T inhibits Bin1-
dependent cell death by a p53-independent mechanism. Taken together, the results
defined a function for Bin1 in apoptosis that was conditional on transformation stress, a
feature also displayed by RhoB and also by FTI. -

The identification of roles for Bin1 and cyclin B1 suppression in apoptosis by FTI
are significant to issues surrounding the efficacy of FTl in breast cancer, because cyclin
B1 is frequently overexpressed and Bin1 is frequently attenuated in human 'breast
cancers . Thus, these two events may limit susceptibility to FTI treatment in the clinic.
While further analysis is needed to substantiate this hypothesis, these two genes
represent candidates for response markers in the clinic.

Tasks 2a and 2b to generate and test the in vitro FTI response of cell populations
where cyclin B1 and Bin1 is manipulated is near complete. Current work focuses on



Tasks 2c and 2d to examine, respectively, the in vivo FTI response m tumor allografts
and the hypothesrzed correlation between FTI response and cyclin B1 or Bin1 status in:

- malignant human cell lines.

Key Research Accomplishments

1. Identification of RhoB- dependent gene regulatory events that are associated with

FTI-mduced apoptosis. The gene microarray strategy and the genes identified
_ are in press at Cell Biology & Therapy (May 2003 lssue) 4

2 Identification of an essential role for the tumor suppressor gene Bin1, downstream or
in parallel to RhoB, in FTl-induced apoptosis. This work employed gene |
‘knockout' cells where the Bin1 gene was ablated. Transformed ceIls Iackmg
Bin1 were susceptible to FTl-induced growth inhibition and other FTI responses
but they were refractory to FTl-induced apoptosrs This work is in press at
Oncogene (June 2003 issue).

3. ldentrf cation of the central mitotic regulator Cyclin B1 as an essential target for
suppression by RhoB in FTl-induced apoptosrs ‘Work to understand the
mechanistic linkage between RhoB and Cyclin B1 i is in progress

Reportable Outcomes

1. A small set of genes have been defined to be correlated with apoptosis by FTI, in
particular genes that influence cell _adhesion, mitosis, MAPK signaling, and
immune response. One unexpected 'implication to emerge from this study is that -
FTlI may be useful to combine with immunotherapeutic approaches in cancer.

2. Cyclin B1 responsiveness may dictate susceptibility to apoptosis by FTI.-
3. Bin1 expression status may dictate susceptibility to apoptosis by FTI.

Conclusions

Two mechanisms of resistance to FTI have been defined, both of which occur
commonly in human breast cancers. These events may limit FTI efficacy in many




breast cancer patients. The identification of cyclin B1, Bin1, and other candidate genes
that are important for the apoptotic response to FTI may promote the useful application
of FT1 in the clinic to treat breast cancers, by identifying patients that are mostly likely to

respond to drug.

10




N o o

10.
1.
12.

13.
14.

15.

16.

1
. Referenoes
1

van Golen KL et al. RhoC GTPase a novel transforming oncogene for humain
mammary eprthelral cells that partially recapitulates the inflammatory breast
cancer phenotype. Cancer Res. 2000; 60: 5832-5838.

Kleer, CG et al. Characterization of RhoC expression in benlgn and mallgnant ,
breast disease: a potential new marker for small breast carcinomas W|th
metastatic ability. Am. J. Pathol. 2002; 160: 579-584.

Liu, A-X, Rane, N, Liu, J-P & Prendergast, GC. RhoB is dispensable for mouse
development, but it modifies susceptibility to tumor formation as well as cell
adhesion and growth factor srgnahng in transformed cells. Mol.. Cell Biol. 2001
21: 6906-6912. '

Jahner, D & Hunter, T. The fas-related gene rhoB is an |mmed|ate-early gene
inducible by v-Fps, epidermal growth factor, and platelet-derived growth factor in
rat fibroblasts. Mol. Cell. Biol. 1991; 11: 3682-3690.

Gampel, A, Parker, PJ & Mellor, H. Regulation of epldermal growth factor
receptor traffic by the small GTPase RhoB. Curr. Biol. 1999; 9: 955-958.

" Prendergast, GC & Rane, N. Farnesyltransferase inhibitors: mechanisms and

applications. Expert Opin. Investig. Drugs 2001; 10: 2105-2116. .

Prendergast, GC & Du, W. Targeting famesyltransferase: is Ras relevant? Drug
Resist. Updates 1999; 2: 81-84. -

Du, W, Lebowitz, P & Prendergast, GC. Cell growth inhibition by -
farnesyltransferase inhibitors is medlated by gain of geranylgeranylated RhoB.
Mol. Cell. Biol. 1999; 19: 1831-1840.

Du, W & Prendergast, GC.'Geranylgeranylated RhoB mediates |nh|b|t|on of
human tumor cell growth by farnesyltransferase inhibitors. Cancer Res. 1999; 59:
5924-5928.

‘Liu, A-X et al. RhoB alteration is required for the apoptotic and antrneoplastlc

responses to famesyltransferase inhibitors. Mol. Cell. Biol. 2000; 20: 6105-6113.
van Golen, KL et al. Reversion of RhoC GTPase-induced transformation in

inflammatory breast cancer cells by treatment with a farnesyl transferase

inhibitor. Mol. Cancer Ther. 2002; 1: 575-583.

Zeng, P-Y et al. Role of RhoB and PRK in the suppression of eplthehal cell
transformation by famesyltransferase inhibitors. Oncogene 2003; 22: 1124-1134.
DuHadaway, JB et al. Transformation selective apoptosis by farnesyltransferase
inhibitors requires Bin1. Oncogene 2003; in press.

- Kamasani, U, Liu, A-X & Prendergast, GC. Genetic response to

farnesyltransferase inhibitors: proapoptotlc targets of RhoB. Cell Biol. Therapy
2003; 2: in press. :

Sepp-Lorenzino, L etal. A peptrdomlmetlc |nh|b|t0r of farnesyl:protein transferase
blocks the anchorage-dependent and -independent growth of human tumor cell
lines. Cancer Res. 1995; 55: 5302-5309.

Liu, A-X, Cerniglia, GJ, Bernhard, EJ & Prendergast, GC. RhoB is required for
the apoptotic response of neoplastically transformed cells to DNA damage. Proc.

"Natl. Acad. Sci. USA 2001; 98: 6192-6197.

11




17.
18.
19.

20.

Ge, K et al. Losses of the tumor suppressor Bin1 in breast carcinoma are
frequent and reflect deficits in a programmed cell death capacity. Int J. Cancer

+2000; 85: 376-383.

DuHadaway, JB, Sakamuro, D Ewert, DL& Prendergast, GC. Bin1 mediates
apoptosis by c-Myc in transformed pnmary cells. Cancer Res. 2001; 16: 3151-
3156.

Elliott, K, Ge, K, Du, W & Prendergast, GC. The c-Myc-lnteractmg protem Bin1
activates a caspase-independent cell death process. Oncogene 2000; 19: 4669-
4684.

. Muller, AJ et al. Targeted disruption of the murine B|n1/Amph|physm I gene

promotes embryonic cardiomyopathy but does not impair endocytotic functions.
manuscript submitted 2003. -

12




Appendices

Original Reséarch Repoi'ts -(preprints)

DuHadaway, J.B., Du W., Liu, A.-X., Baker, J., Donover, P. S Sharp, D.M., Muller,
-AJ., and Prendergast, G.C. (2003) Transformation. selectlve apoptotlc program
tnggered by farnesyltransferase |nh|b|tors requnres Bin1. Oncogene 22, in press.

Kamasani, U., Liu, A-X, and ‘Prendergést, G.C. Genetic response to

farnesyltransferase inhibitors: proapoptotic targets of RhoB. Cancer Biol.
Therapy 2, in press.

13




[Cancer Biology & Therapy 2:3, ¢24-¢31:EPUB Ahead of Print, hitp://www.landesbiosci fjournals/cht/abstract.php?id=385, MayfJune 2003]; ©2003 Landes Bioscience

Research Paper

Genetic Response fo Farnesyltransferase Inhibitors
Proapoptotic Targets of RhoB

* Uma Kamasani't
- Al-xve Lig2t*

George C. Prendergast!3*

%Hmmhwmdcw,fmmm
2he Wit institcn; Pdaphic, Pommsytranka USA ’
Iepatoun of Py, Anctoy, sod ol Bckogy; effson Modid S

Hyrrert oddress: GoxoSeatiline b, King of Prusse, Peewsylvonia US4

MMMMWMW
Thess authors cortrbuted sqwolly to this siudy end should be constdared co-first
wuthors, o

mhzsw(wuimw.hw
Resoarck; 100 Lancoster Avenue;Wyrnewood , Pennsylvonio 19095 USA; Tel:
C10.545.8475; b $10.645.8091; Emelk: prenderpety@mibs.org. Website:

[ 7 .

Rocaived 03/24/03; hecopied 04/11/03

This sanuscrpt hes bean publshed anlie, prier to prifing, fr Concar Biokgy &
Thergpy Yluma 2, Issue 3. Definktivs page numbers have not besn assiined.

curent diwlion for this menuscipt ke
Comcor Bl Thar 2002 2:

I/ rwukwclesdirtence comourmpl/th/cbetoct phehd-85.
mhmtm*hdwmmhmnﬁmnmﬂ

change weeordingly.

KEY WORDS
Ras. Apoprosis, Rho

e24

5.

ABSTRACT - | - -

Knockout mouse studies have established that the ransformation-selective %[b’prdgmm
triggered by famesyltransferase inhibitor (FTI) requires a gain-of-funciignin the stress-

regulated small GTPase RhoB. To gain insight info this death prog mpared the
genefic response of calls with different RhoB genotypes to FTI treainiigplt The microarray
hybridization strategy we employed focused specifically on eventipre eding the execution

of RhoB-dependent apoptosis, which is crucial for effective®iniiheoplastic respbnses in
mouse, mth: than onp:&er aspects of the FTI response m f;ggity RhoB gaingtfundion :
(e.g., growth inhibition]. Genes that control cell adhesion¥artl cell shape were represented
prominently among upregulated fargets, as were gefilessifiat control signal ransduction,
vesicle dynamics, transcription, and immunity. at tontrol cell cycle checkpoints
and progression through S phase and mitosis among the major downregulated
targets. In support of the concept of RhoB as u!%gohve regulator of Ras signaling pathways,

" the most strongly downregulated gene scofSehwas farnesyl pyrophosphate synthetase, the
enzyme that produces the substrate usei'b to famesylate Ras profeins. Gene clustering
revealed modules for MAPK signaliifg, cell cycle progression, and immune response as °
proapoplotic targets of RhoB. ThisffEkott identifies genes that pertain o the transformation-
selactive apoptofic programsy ed by Fl. Further study of this program may yield
insights into the dramatic differences in efficacy and opoptofic prowess of most Fis in

human cancers, versus fransgenic mouse models. -
A
é-:' &%
INTRODUCTIGH
Apo ﬁ:;l:;‘is thought to play a major role in cancer suppression and therapeutic
rcspoéﬁ_" it particular interest are the death processes in cells harboring neoplastic lesions.
 WViil%: great progress has been made in idemifying the basic mechanisms of apoptosis,

e WhiBH are critical to development and normal physiology, much less progress has been
#¥ Hade in defining the precise mechanisms that stanch cancer and that are selectively inac-

tivated during cancer progression and the development of therapeutic resistance. Such
mechanisms are of great interest, since they may help unravel the precise relationship
between apoptosis and cancer pathophysiology, as well as help identify disease-specific
therapeatic strategies.

We have investigated the transformation-selective properties of some farnesyltransferase
inhibitors (FT1s) as a way to gain insight into cancer-specific apoptosis. FTTs are a class of
experimental chemotherapeutic agents that are potent inducers of p53-independent
apoptosis in oncogene-transformed cells, but that in most cases have little effect on the
survival of untransformed cells (reviewed in refs. 1 and 2). FTTs were developed initially as
a strategy to attack the farnesylation requirement of oncogenic Ras in human cancers.
Preclinical tests have established the antineoplastic properties of FT1Is in various model
systems, including proapoptotic effects; based on these tests FTIs have moved to clinical
trials. However, the antineoplastic properties of FTIs can be traced beyond Ras targeting.
Moreover, while some have been encouraged by the results of clinical testing, it seems that
FTIs lack the robust antitumor effects they display in various preclinical models,34
perhaps explaining why such a small number of compounds remain in clinical trials
despite the enormous effort this project engendered in the 1990s. In preclinical models,
FTI efficacy has been linked to apoptotic susceptibility, thus, it is logical to link the lack
of dlinical efficacy to apoptotic deficiencies in human cancer cells. How is transformation-
selective apoptosis possible in preclinical models? How is this intriguing and desirable
aspect of FTI biology defeated in human cancers? Addressing these questions may define
appropriate clinical application, improve therapeutic response, and give insights in how
cancer progression selects against the cancer-selective apoptotic program triggered by FTT.

Cancer Biology & Therapy 2003; Vol. 2 Issue 3
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GENETIC RESPONSE TO PARNESYLTRANSPERASE INHIBITORS

Our studies of the FTT response in rodent model systems led to
the development of 2 model featuring the small GTPasc RhoB as a
critical gain-of-function target.’ A genetic proof of the essential role
of RhoB in apoptosis by FTT has been established by studies in a

. knockout mouse model system.® Work in this model also revealed

that, while RhoB is dispensable for physiological apoptosis during
development,” it is also crucial for apoptosis triggered in transformed
cells by dlinically effective therapeutics such as DNA, damaging
agents and paclitaxel®

. To gain insight into the mechanisms through which FTT triggers
apoptosis through RhoB, we compared the genetic response of
transformed mouse embryo cells with different RhoB genotypes to
treatment with the potent and specific FTT L-744,832 (ref. 9). FTTs

target.a broad spectrum of farnesylated proteins in cells, so their -

biological and epigenetic effects are quite broad and complex.

" However, by focusing specifically on the genes that respond under
conditions of RhoB-dependent apoptosis, we defined only those

gene regulatory events that are coupled specifically to the transfor-
mation-selective program of cell death triggered by FTT, 2 program that
is critical for in vivo antineoplastic efficacy This study identifies
regulators of chromatin, immunity, and mitosis as previously

-uncharacterized targets of RhoB regulation in cancer cells that arc

fated to undergo apoprosis’

MATERIALS AND METHODS

Cells and Culture Conditions. ER*- MEFs and ER* MEFs are
Ela/Ras-transformed mouse embryo fibroblasts derived from rboB* or
rhoB* animals. Cells were grown in Dulbecoo’s modified Eagle’s medium
(DMEM, Life Technologies) supplemented with 109% fetal bovine serum
(FBS; Hyclone). Separate cultures of asynchronously growing cells were fed
with medium containing 10% or 0.1% FBS for 16 hr and then treated with
10 M FTT L-744,832 or vehicle as described previously.S Twelve hr after
drug addition cells were harvested for preparation for RNA. Paralle] cultures
of cells eated under similar conditions were monitored to confirm that
only cells carried in 0.1% FBS + FIT underwent apoptosis as expected at
later times, 25 described previousty.® Time course experiments designed
similarly were performed to obtain protein extracts for Western analysis.

Microatray Analysis. MA-01 mouse cDNA filter arrays were purchased

- from The Wistar Institute Genomics Facility (huep://www.wistar.upenn.edu/

genomics/). Three 2.5 x 7.5 cm nylon filters carrying a total of 6600 probes
for 1680 individual genes were used for hybridization; samples were
hybridized 25 a single batch on sequentially printed arrays. All arrays used in
the study were printed from the same PCR preparations of sequence verified

" clones purchased from Research Genetics. Reproducibility studies showed a

>90% correlation between samples hybridized in triplicate. Complete
protocols for array hybridization can be accessed af; -

o beep://www.wistar.upenn. edu/genomics/ _
Bricfly, toral RNA was isolated from ER MEFs using Tri-reagent (Molecular
Research Center) according to the manufacturer's instructions, The totl
RNA target (5°ug) was labeled with 33P (3000-5000 Ci/mM) (Amersham
Pharmacia Biotech) using reverse transcriptase. Hybridization of filters was
performed in 2.5 ml of Micro-Hyb (Research Genetics) at 42°C for 18 h.
Filters were exposed to 2 Phosphorlmager screen for 4 days, scanned at 50
micron resolution on a2 Storm ‘Phosphorlmager, and visualized using
ImageQuant (Molecular Dynamics). The data for each array was analyzed
with ArrayVision (Imaging Rescarch), using the median pixe! for each spot
and local background correction. Dara was exported to Excel for further
analysis. Expression values for each amay were normalized by the back-
ground corrected signal median spot of the array. Expression values were
transformed to corresponding z-scores for clustering. T-tests, frequency
analysis, and permutations were done using Excel and Visual Basic.
Dynamic range of signals was, on average, 10-20,000 (normalized median
density of 0.15 to'3000). The detection limit for these conditions and arrays

= = == == R+« M
= 2 = == R\WF

. 10% FBS 0.1% FBS N
Voo ;o
Vehicle- FTl Vehicle  FTi
* * ¢ ¢ 12hr
[ | Horvest RNA [~ Microarray |
\[, \[, \l, \[, 12k
" Growth

= = = @B ER+-MEF
O 0 == = ER-MEF

e

- inhibition

Figure 1. The design of the cell experiment from which RNAs were derived
for microarray hybridization Is shown. ER7 MEFs ore suscapiible to growth
inhibition and morphological reversion by FI, but are refractory fo actin
reorganization and apoptosls by FTI like ER*/ MEFs. Apoptosls is only trig-
gered in ER*/- cells under conditions of serum deprivation. .RNA was har-
vested from cells 12 hr ofter FTi freatment, preceding the execution phase of
apoptosis by 6-12 hr6 = .

calibrated by quantitative PCR with a plasmid standard is approximately
0.03 molecules per cell. S '

Western Analysis. Cell extracts was prepared by lysing cells in NP40
lysis buffer supplemented with protease inhibitors. Western analysis of
proteins in cell extraces was performed as described!® using antibodies to
cyclin Bl and cde (Santa Cruz Biotechnology).

RESULTS AND DISCUSSION

Isolation of RNA from Cells Committed to Undergo FTI-Induced
Apoptosis. A well-characterized pair of Ela/ras-transformed mouse embryo
fibroblast populations that are heterozygous or nullizygous for RhoB,
termed ER*: or ER* cells,&8 were used to compare the genetic response to -
the potent and specific FTT L-744,832 (ref. 9) at ‘early times after drug
treatment. Previous work has established that ER** cells are highly susceptible
vo FTl-induced apoptosis whereas ER™ are refractory but still seasitive to
growth inhibition.® Serum growth factors and substritum aetachment
prevent FTl-induced apoptosis, which is induced if growth factors or
attachment are deprived.!"!3 Apoptosis induced in ER¥- MEFs under
conditions of serum deprivation is initiated starting at 18-24 hr after drug
treatment.® Figure 1 presents the design of the experiment performed in the
current study. Briefly, ER*" and ER*" cells were carried for 16 hr in normal
or serum-deprived media, treated with 10 uM FT1 or vehicle for 12 hr, and
then harvested for preparation of toral RNA. Paralle] cultures were monitored
1o confirm that ER** cells cultured under low serum conditions commitred
to undergo apoptosis at later times (Fig. 1, bottom), as measured by deavage
of the caspase-3 substrate PARP (data not shown).. ’

Functional Categories of RhoB Target Genes in Cells Committed o
Undergo FTI-Induced Apoptosis. Unpublished studies suggest that FT1
regulates a very large number of genes, as would be anticipated since the
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Toble 1  FuncrioNaL Catecories oF RHOB TARGET GeNes 1N FTI-INpucep Apoprosts

Activated (+) or

Function -Gene . chmud () Fold
Cell adhesion Procollagen fl a1 + 11.88
~ Extracellular matrix Tenascin C » + 5.69
Cytoskelston Procollagen IV al + 516
HICS + 5.12
Collapsin response mediator protein 1 + 4.64
o2 + 423
SDR1 + 4.00
* Osteopontin + 3.31
EXT1 + ©3.27
Cofilin + 3.21
CD151 + 3.04
Myosin light chain-1 + 2.93
a-actinin 3 + 284
Islr + 270
aactinin 1 + 2.68
Racl + 2.62
Cell cycle  Mad2 + 374
Cdcb - 3.66
Cyclin 81 - -3.40
Mcmd - 3.19
Rabkinesin6 - 2.31
Cdec20 - 2.12
Signal Transduction MAP kinase phosphatase 1 [MKP1} + 4.47
: Profein phosphatase PP2A a isoform + 4.24
BRof + 3.20
Nevronal calcium sensor-1 {NCS-1) + 3.10
Protein tyrosine phosphatase, receplor type A + 2.50
FKBP-1a - 275
KRas - 2.50
Vesicle fusion Rabs + 2,94
Endocytosis ATP2a2 + 2.93
Membrane Dynamics Unc-18 homolog + 2.92
Annexin V T+ 2.89
Disabled homolog 2 {Dab2} + 2.69
Acylphosphatase - 3N
Synaptotagmin-4 - --2.90
Liptd synthesis/metabolism  Apolipoprotein AV +. 3.02
: Choline/Ethanolamine kinase + 2.55
Farnesyl pyrophosphate synthetase - -11.93
Transcription HOXB2 + 3.99
Chromatin dynamies Mitochondrial transcription factor A + 3.51
PBX1 + 2.98
Cysteine-rich protein 2 (LiM domain protein) + 275
Myc + 2.60
“NeuroD3 + 2.56
- CHD1 h - 6.55
Mot - 295
Histones H1, H2A, H3 - 2.94-2.68
STAT1 - -2.75
Translation olf4E + 3.01
EFlal - -2.30
immune Response Lipocortin + 5.67
' lymphotoxin B + 424
I-12 + 2.96
MCSF + 2.96
. Pre-Bcell colony enhancing factor + - 2.87
Protein Stability Proteasome o7/C8 subunit + 3.16
. ) Hsp70-2 + 3.08
Energy Metabofism NADHubiquinone oxldoreductase subunit B14.5B  + 3N
26 Cancer Biology 82 Therapy

drug affects the ncnylauon of as many as

) 0. 5% of all cellular proteins.!4 We exploited

the RhoB knockout system to focus on only

" those FTI-regulated genes that are associated

with activation of the transformation-selective
apoptotic program. RhoB-dependent and
RhoB-independent events that occur in
serum deprived oells or FTI-treated cells are
not of interest. We are only interested in
events that occur in serum deprived and
FTI-treated cells—since that condition
specifically elicits transformation-selective
apoptosis—and only if those events are
RhoB-dependent—smce that condition is
essential for apoprosls 6 In our experimental

des:;n |§ 1), the genetic response of
and ER

cells ‘was compared under
conditions of scrum’ deprivation + FIT at 2
time that in ER¥- cells precedes the effector -
stage of apoptosis by at least 6 hr® This
design selects against the many genes that are
regulated by serum deprival alone or FTI
alone (by cither RhoB-dependent or RhoB-
independent mechanisms). In short, the
genes identified represent a comparison of
the geneﬁc response in the far right dishes
noted in Figure 1. By exploiting the RhoB
knockout system in this manner, we defined
a small mbsetofgene:dmmzpeaﬁaﬂy
relevant to  apoptosis’ and therapeutic
response, among the far larger number of
genes that are gencrally mgu!ated by FIlin
cells. .

Ana!ysls of the microarray hybridization
results revealed that 59/1680 genes (3.51%)
were differentially activated and 19/1680
genes (1.13%) were dxﬁ'nn:nually repressed in
ER"’c:ﬂsasoompamdtoER cells at an
arbitrary conservative cutoff of 2.50-fold
change. Decreasing the cutoff stringency to a
less conserative value of 2.0-fold change
added 68 genes to the number of differentially
activated targets (to 7.50% of genes sur-
veyed), but only 4 genes to the aumber of
differentially repressed targets (to' 1.37% of -
genes surveyed). Thus, by 12 hr after FTI
addition, a larger fraction of genes were acti-
vated, as compared to repressed, in cells com-
mitted to undergo RhoB-dependent apoptosis
triggered by FTL.

Proapoptotic RhoB target genes identified
in this way fell into several functional categories
as presented in Table 1. Among upregulated
targess, genes that control cell adhesion and

" cell shape were represented prominently,

including components of the extracellular
matrix and actin cytoskeleton. This functional
category included a majority of the most
strongly activated targets. Amorig other upreg-
ulated targets were key regulators of signal
transduction, vesicle trafficking, miembrane
dynamics, transcription, and immunity.
Links of RlioB to immunity are novel.
However, links to the other functional cate-
gories are consistent with accepted finctions
of Rho proteins and RhoB itself, which has 2
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GENETIC RESPONSE TO FARNESYLTRANSFERASE INHIBITORS

Table 2  Genes Activatep BY FTI iN Cets FATED To UNDERGO RHOB-DEPENDENT APOPTOSIS

Gene. Function ~_Fold Increase Commenl
Procollagen, type Hl ulphu 1 Extracellulor matrix 11.88 Induction simllar to collagen |_ 2 implicated in FTkinduced
: reversion'é
ESTs weakly similor to Agrin Precursor ~ Unknown B.86 . Agrin Is a heparin sulfate prc!eoglycan that binds
fenascin
Tenascin C Extraceliulor matrix 5.69 " Extracellulor matrix protein that modulates cell adhesion via
. : Rho pathways!7; implicated in tissue remodeling and anglo-
genesis; promotes FAK phosphorylation and oel? migration *
Lipocortin 1 {Annexin [) Immune response 5.67 Implicated in antiinflammation
Procollagen, type IV alpha 1 Extracellular matrix 5.16 Induction .zlmllur to collugen la2 implicated in FTkinduced
: reversion!
HICS Cell adhesion 512 Focal adhesion-associated LM domain proreln recrulted to
. : nuclevs 19 and linked to cell senescence.?®
ESTs weakly simikar fo zinc finger Unknown 5.03
type transcription factor MZF-3
Collapsin response medialor protein 1 Cell adhesion 4.64 Suppressor of fumor Invasion?!
MAP kinase phosphatase 1 (MKP1) Signal transduction A.47 Downregulates MAPK activity
EST: moderately similar Endothelia! Unknown 4.41 '
ActinBinding Profein )
lymphotoxin B Immune response 4.24 TNF-eloted death receptor ligand
Protein phosphatase PP2A, 55 kD Signal transduction 4.24 '
_regulatory subunit, alpha isoform -
lysyl oxidase-2 LOX2) Extracellulor matrix 4.23 - .
SDRI1 Cell adhesion - 4.00 1gG superfamily receptor
Homeobox protein HOX-82 Transeription 3.99 ]
NADH-ubiquinone oxidoreductase Energy Metabolism 3.9 Mitochondrial enzyme
subunit B14.5B . : ‘
MAD homolog 2 Cell cycle 3.74 Spindle checkpoint protein; regulates APC-dependent
: degradation of cyclin 81 '
ESTs modexately similar to Unknown 3.70
Reficulocabbin Precursor
Transcription faclor A, mitochondrial Transcription 3.51
ESTs highly similor to Hypothetical Unknown 3.40
'28.9 kD protein C28H8.6 (C. elegans)
ESTs highly similor to Hypothetical Unknown 3.32
64.5 kD profein ZK652.9 (C. elegans)
PNG protein Unknown 3.32 .
Secreted phosphoprotein-1 Exiracellular matrix KK Cytokine that binds integrins; implicated in cell migration and
{Osteoponfin} - - metaskasis
Exostoses {multiple) 1 EXT1] Extracellular matrix - 3.27 Heparin sulfate biosynthesis
Désirin (Cofilin) Cytoskeleton 3.2 Actin severing protein
B-raf transforming gene Signal transduction 3.20 Oncogene
Proteasome alpho7/C8 subunit Protein stability 3.16 '
Neuronal calcium sensor-1 {NCS-1} Signal transduction 3.10 .
Hsp70-2 Protein stability 3.08
CD151 ontigen Cell adhesion 3.04 Integrinbinding tetraspanin protein
Apolipoprotein AV Lipid metabolism 3.02 Lipoprotein component '
ESTs moderately similar to Eukaryotic '
Eepﬂde chain relecse factor GTP- Unknown 3.0t
inding subunit [S. cerevisiae)
Confined or wext page.
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Table 2, cont.  Genes Activatep By FTI N Cruts FaeD 1o UNDERGO RHOB-DEPENDENT APOPTOSIS

Gene Funcilon Fold incrense Comment

Evkaryofic fanslation inlticion factor Translation 3.01 Oncogene

4E (olF4E)

ESTs moderately similar to Biotin Unknown 3.01

Carboxylase {Anabaena pee?120)

Pbx! (pre-B<all leukemia transcription Transeription 2.98

foctor 1)

I-12 p40 Immune response 2.96

Colony stimulating foctor, mecrophage

{MLCSF) Immune response 2.96

Neuronal protein 3.1 Unknown 2.95

Rabb Vesicle fusion 2.94

Myosin Light Chain 1 Cytoskeleton 2.93 Skeletal muscle isoform

ATP2a2/ATPase, Ca++ Ransporting, Membrane dynamics 2.93 Cardiac sarcoplosm reficulum ATPase

cordiac muscle, slow twitch 2 . _

unc-18 homalog Vesicle fusion 292 Interacts with exocytotic syntaxin complex

Annexin ¥V Membrane dynamics 2.89 Binds phosphatidylserine

ESTs highly simllor to 34.7 kD protein Unknown 2.84

In SHM1-MRPL37 intergenic region

[S. cerevisiae) '

ESTs highly simifor to 66.5 kD protein Unknown 2.84

in ADE12RAP] intergenic region

{S. cerevisias)

aadinin 3 (Acin3) Cytoskeleton 2.84 Crosslinks octin filoments

Cysteinerich protein 2 Transcription 275 UM domain protein

ESTs weokly similar to Hypothtical Unknown 271

39.2 kD protein in EGT2KRE1

intergenic reglon (S. ceravisioe)

lskr/immunoglobulin superfamily .

contalning leucineich repeat Cell Adhesion (?) 2.70 lg superfamily protein

Dab2/Disabled homolog 2 Endocytosis (2) 2.69 Putative fumor suppressor; implicated in clathrin-mediated
endocytosls

a-octinin 1, cytoskeletal isoform Cyloskeleton 2.68 Actin fiber crosslinking

DNA segment, Chr 15, Unknown 2.63

Wayne State Universtly 77, expressed

Rocl Cytoskeleton 2.62

Myc oncogene Transcription 2.60

Miochondrial Lon Protease Homolog Unknown 2.60 Miochondrial matrix protease implicated in oging

Precursor

Neurogenic Differentiation 3 [neuroD3) Transeription 2.56 .

Chotine/Ethanclamine Kinase Upid synthests 2.55 Caotalyzes first step in phosphatidylethanolamine synthesis

Protein Tyrosine Phosphatase, Signal transduction 2.50

Receptor Type A

specialized physiological function in intracellular vesicle trafficking. !
Among the downregulated targets, genes that control cell cycle progression
were represented prominently. Ar a reduced cutoff of 2.0-fold change, 2/4
of the additional targets were also cell cycle regulators, such that 6/23 (26%)
of the repressed genes fell into this category. Notably, the most strongly
downregulated gene that was scored was farnesyl.pyrophosphate synthetase,
the enzyme that synthesizes the isoprenyl substrate used by FT o catalyze
protein farnesylation. Thus, a major target for RhoB repression in cells
committed to undergo FTT-induced apoptosis was an enzyme essential for
farnesylation of Ras and other cellular proteins. Among other downregulated

28 Cancer Biology & Therapy

targets were K-Ras and regulators of transeription and chromatin. In sum-
mary, although fewer genes were downregulated, the funcrional catagories of
these genes were at least as intriguting as activated tarpets with regard to how
RboB might regulate transformation-selective apoptosis by FTL

Genes Targeted by RhoB in Cells Fated w0 Undergo FTI-Induced

Apoptosis

. The identification of procollagen 1T and
IV alpha-1 subunit genes as RhoB targets paralicled a previous report that
procollagen I alpha-2 subunit is upregulated by FTI and essential for
FTl-induced reversion of Ras-transformed Ratl fibroblasts.'s Tenascin-C,
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GENETIC RESPONSE TO FARNESYLTRANSFERASE INHIBITORS

Table 3 GeNes REPRESSED BY FTI IN CELLS FATED YO UNDERGO RHOB-DEPENDENT APOPTOSIS

{CaM interacting)

Gene Fonction Fold decrease Comment
Farnesyl pyrophosphate synthetase Lipid synthesis -11.93 Generates activated pool of farnesyl isoprenold used for
: protein farnesylation by FT

Chromodomain helicase DNA binding Chromatin dynamics 455 ATP.dependent chromatin modification

protein-1 {CHD-1) : _

ESTs weakly similar to Germ CellLess Unknown $.38

Protein [nuclear pore associated) '

ESTs weakly similar to Hypothetical Unknown 4.00

Protein in PRE3-SAG! Intergenic Reglon :

Cde6 Cell cycle -3.66 Regulates MCM complex required fo license DNA
replication in S phase; also functions In G2 phase to
prevent the onset of mitosis '

Cyclin B1: Cell cycle -3.40 Regulates mitotic kinase CDK1

Minichromosome maintenance Cell cycle -3.19 Component of MCM complex required to license DNA

deficlentd homolog (MCM4} replication in § phase; binds DNA in M phase {anaphase)

- _ via a mechanism that requires Cdeé : :

Acylphosphatase, muscle type isoform Membrane dynamics 3.11 '

vMaf muscoloaponeurolic fibrosarcoma Transcription 2,95 Possible regulators of p53 transcription

oncogene fomily, protein F (avian) . -

"Histone gene complex 1 Chromatin dynamics -2.94

Synaptotagmin-4 , Vesicle fusion -2.90 involved in Ca++ mediated exocytosls

Pre-Bcell colony-enhancing factor Immune response -2.87

Fruciose bisphosphate aldolase C . Glycolysis 2.86 Binds IP3

" Signal ronsducer and activator of Transeription 275

transcription 1 [STAT1)

FK506 binding protein 1a Signal ransduction 2.75

H3 histone, fomily 2 Chromatin dynamics 275

H2A.1 histone Chromatin dynamics -2.68

Tcomplex protein 1, alpha subunit 8 Unknown 255

KHRas cellular oncogene Signal transduction 2.50

Rabkinesin-6 Cell cycle -2.31 Mitofic furiction in anaphase or cylokinesis

Elongation foctor 1-alpha 1 (EFial) Translation -2.30 Bundles actin filaments

€bC20 Cell cycle 212 Spindle checkpolnt protein; regulates APCdependent
degradation of cyclin B1 in mitosis

ESTs weakly similor to Neurogranin Unknown © 212 '

another extracellular matrix protein, limits matrix deposition, modulates
cell adhesion, regulates phosphorylation of the integrin-associated tyrosine
kinase Fak, and suppresses RhoA activity: 18 Several other extracellular
matrix components are included in this subgroup. Cell adhesion and actin
regulatory proteins are also represented, including two Ig superfamily proteins,
the integrin-binding tetraspanin CD151, a-actinin, cofilin, myosin light
chain-1 (MLC1), Racl, the Fak-binding LIM domain protein HIC-5, and
the suppressor of wmor invasion collapsin response mediator protein-1.13:21
Many of these proteins have been linked to cancer suppression. In summary,
a major category of RhoB regulated targets in cells commiteed to undergo
apoptosis relaie to cell adhésion and cell shape.

. Call Qpcle Repulation. Genes in this category suggest the regulation of
two cell cycle regulatory modules by RhoB, one which regulates the DNA

Licensing complex in § phase, and a second which regulates the spindle

checkpdint in mitosis. Cdc6 is required to regulate the activity of the MCM
complex that licenses firing of DNA replication origins in S phase, The

www.landesbioscience.com
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MCM component Mem4 was also identified as an upregulated target. Cdc6
also has a checkpoint role that prevents mitosis before DNA replication is
complete.?2 Interestingly, Cdc6 is rapidly destroyed by a p53-independent
pathway during early stages of apoptosis triggered by DNA damage, orby a
caspase-dependent pathway in cells triggered to undergo apoptosis by tumor
necrosis factor.2? The destruction of Cdc§ may be a primordial programmed
death response that uncouples DNA replication from the cell division cycle,
which is reinforced in metazoans by the evolution of caspases and p53.8
The p53-independent aspects of FIT apoptosis via RhoB dovetail with a
possible role for Cdc6 downregualtion in apoptosis. )
A second cell cycle regulatory module downregulated by RhoB is
comprised of Mad2, Cdc20, and cyclin B1. Mad2 and Cdc20 regulate the
spindle checkpoint via control of the anaphase-promoting complex.4
Cydlin B1 is targeted by this complex, Further focus on this mitotic regulatory
module is suggested by another downregulated target in this category, rabki-
nesin-6, which regulates cytokinesis?® An integration with Cde§ and
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ER +/- MEF ER -/- MEF
FTI: 0 6 1218 24h 0 6 12 18 24N
» 10% FBS
Cdc6 g Growth inhibitory
) Proapoptotic
FTl: 0 6 18 24h 0 6 18 4h
> Dangper DA e w 10% FBS
Cychn B1 Growth inhibitary
> - 0.1% FBS
Proapoptotic

Figure 2. Selective downregulation of Cyclin B1 and Cdes proteins by RhoB
in cells fated to undergo FTHinduced apoptosis. Western anolysis confirmed
downregulation of cyclin B1 and edcé ot steady-state protein levels.

Mcm4 regulation is possible, as both these factors also act in G,/M phas-
&.2% By Western analysis, we confirmed selective downregulation of
oyclin B and Cdc§ in FTl-treated cells that are fated to undergo RhoB-
dependent apoptosis (see Fig. 2). Consistent with the microarray design,
downregulation of these proteins did not occur under conditions of FII-
induced growth inhibition, but only under proapoptotic conditions. Taken
wgether, these observations reinforce the theme that RhoB targets two cen-
tral cell eycle regulatory modules that control progression through § phase
and mitosis.

Signal Transdyction. Genes in this category suggest the regulation of 2
MAPK signaling module that is comprised of K-Ras, B-Raf, the MAPK
phosphatase MKP-1, and a protein phosphatase PP2Aq isoform. Although
B-Raf is upregulated, the downregulation of K-Ras and the robust upregu-
lation of the inhibitory phosphatases suggests that this MAPK module is
functionally downregulared, possibly promoting 2 loss of ecll viability. Interest-
ingly, several studies have linked PP2A to cancer-selective apoptosis.¥ This
identification of this target is intriguing relative to the transformarion-
selective and RhoB-dependent death properties of FT1.

Metabolism. Genes in this category reinforce the function of RhoB in
intracellular vesicle wafficking, although they do not immediate suggest
modulation of a distinct functional module. Suppression of farnesyl
pyrophosphate synthetase, the most strongly regulated target in this caregory,
may strength the restriction in protein farnesylation by FT1. However, why
this arget should respond preferentially in cells fated 1o undergo apoptosis

is undear.
ipti atj ics. Upregulated genes included
the proapoptotic oncoprotein My. Although the significance of this
observation is unclear, a recent study has presented evidence that Binl, 2
Myo-interacting adapter protein implicated in apoptosis, 23! has an essential
role in FTl-induced apoptosis.32 Downregulated genes included CHD-1, a
modifier of chromatin organization that may impact cancer gene expression.
Common downregulation of histones 1, 2A, and 3 further suggests-a role
for chromarin modulation in apoptosis, perhaps as a prelude to DNA
degradarion. Orher downregulated targets encode STAT], a member of the
STAT gene family that can compromise cell survival ¥ and Maf, 2 tran-
acription factor that can activate the mouse p53 promoter?S downregulation
of these targets seems counterintuitive in this setting, however.
Imnunity. Genes in this category suggest the regulation of an pro-
apoptotic module that operates in vivo. Several important regulators of
inflammation were identified as upregulated targets. Lipocortin (annexin-1),
the most strongly regulated target in this category, is thought to have an
anti-inflammatory role3¢ which in this context may promote a ‘silent’ apop-
tosis by FT1 in vivo. Lymphotoxin B is a death receptor ligand that is refat-
ed t the tumor necrosis factor (TNF) family. Upregulation of this target
could conceivably promote apoptosis via autocrine or paracrine mecha-
nisms. IL-12 and M-CSF promote the development of cytotoxic T cells
and monocytes, two classes of cells that promote cancer suppression ind
apoptosis in vivo. The identification of this novel proapoptotic module
targrted by RhoB suggests the possibility of combining FTT with immune-
based therapies to promote apoptosis and cancer rejection.
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Other Targets. Translation factors eIF-4E and EF1a-1 were identified a3

upregulated or downregulated targess respectively. The meaning of the
opposite regulation of these prooncogenic targets s unclear. Two regulators
of protein stablility, a proteosome subunit and a chaperone, were identified

& upregulated wargets. Hsp70 ean inhibit apoptosis, possibly through
sequestration of the mitochrondrial apoptosis inducing factor AIE7 but js
upregulation in cells destined to undergo apoptosis is counterintutive.,

SUMMARY

This study identifies three potential regulatory modules 2s candidates
for RhoB downregulation in cells that fated to undergo transformation-
selective apoptosis by FTT. A MAPK signaling module that includes
K-Ras and B-Raf that promotes transformation and cell survival may
be targeted by RhoB. Similarly, RhoB may target two cell cycle
regulatory modules that are central players in S phase and mitotic
progression. Lastly, the identification of an immune module that
promotes ‘silent’ apoptosis may open new vistas on the basis for
RhoB-dependent apoptosis in vivo. Further investigations are-
required to examine the hypotheses prompted by this study, which
may lead to insights into why FTIs are strongly apoptotic and
efficacious in preclinical models, but much less so in dinical settings.
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Neoplastic transformation sensitizes many cells to 2pop-  Keywords: Mye; -EiAs Ras; RhoB; Sv40T antigen;

tosis. This phenomenon may underlie the therapeutic > &peptosiy eaneers tramsfornray [ -]
benefit of many anticancer dmgs, bt its molecular basis is  ~tom: amphiphysin; BMM%MM
poorly understood. We ha used 3 selective and potent M@Mﬁﬂw :
farnesyltransferase inhibitor (FTI) to probe a mechanjsm HeappaB—

cally transformed. Here we offer evidence that the BAR  Introduction

Cell suicide processes de=gzsn wh
role in "oy can o

play a significant

for this transformation-selective death program. Targeted tromeich and (ot
deletion of Bin] in rimary mouse embyro fibroblasts { s aiiacs 4 D
('b'IEFs) transformed iy EIA +Ras did lz:o affect FTI- response. Of particular interest are 4ap processes that

induced reversion, actin fiber formation, or growth  ar¢ wnqwted specially to the c}eath demsmns' mad; by

inhibition, but it abolished FTT-indgced apoptosis. The  ©cIs ety harbor,prencoplastic or peplastic logun. %
eviously defined ent for RhoB in these effects  LOSSes in Suicide processes that are germane to cancer

pr red requirem . . pathophysiology would be expected &9 to promote

. d ienaling. d £ cancer progrmsioq and to blunt therapeutic responses to

in Bin] ﬁ“&i’lﬁ;ﬁ& imofarn: h’&ﬁhﬁ cancer drugs. While great progress has been made in

. - identifying the basic mechanisms of apoptosis, it

o L remains unclear jin many cases exactly how these

N e S e ey TR B S e

also resistant to apoptosis by FTI, consistent with other mgaut;: i uncovering 2 iolt;’l::czelcl:;s a!so bet;‘;thg:
evidence that large T inhibits Binl-dependent el deathby ~ Progr ¢ £ apop 2nisms

PAigh . -specially associated with cancer pathophysiology (that

. . . A is, mechanisms that are germans to cancer as a disease,

e R S e e D U

with an Rho small GTPase that functions fn st Improve treatment for those that do so.

Sy . . We bave investigated the proapoptotic properties of
o 2. The frequent losses of Bin] expression that farnesyltransferase inkibitors (FTIs) as a way fo. gaoe

novel insight into cancer cell suicide processes. FTIs are

therapeutic agents-that exploit the heightened sensitivity . . A X
of neoplastic cells to apoptosis, . };otcnet‘}y tngger p53-independent apoptosis in trans

pto
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__JRccent work, however, has made it clear that FTI
responsiveness i§ ‘based upon factors beyond Ras
targeting. Our laboratory has developed a model for
the FTI mechanism of action that features the small
GTPase RhoB as a critical gain-of-function target of
these drugs (Prendergast, 2001). A genetic proof of the
crucial and transformation-selective role for RhoB in
apoptosis by FTI and other agents used in the clinic to
attack cancer cells has been demonstrated recently using
a knockout mouse model system (Liu et al., 2000, 2001a,
b). Identifying genes that act downstream of RhoB may
reveal further insights into this novel cell death
mechanism. Loss of such genes would be expected to

‘ - promote cancer progression and to limit the action of
therapeutic agents that exploit the heightened sensitivity

0 cancer cefls to cell death. This issue is
particularly germane to FTI, where clinical studies have
- not recapitulated the promising results of preclinical

testing, perhaps due to secondary events that occur in
frank clinical cancers but are absent in model systems.
- In this study, we have identified a role for the tumor
suppressor gene Binl in the transformation-selective
' presiy triggered by FTI. Binl is an
apter-TNCOAINg gene that was initially identified via o-
Myc interaction (Sakamiuro et al, 1996). Binl can
“induce cell death in human cancer cells and in c-Myc-
transformed primary cells (DuHadaway er al, 2001;
Elliott et al., 2000). However, the breadth of studies on
Binl to date suggest a much more complex and
integrative signaling function which extends beyond
the Myc network. The two ubiquitous Binl adapter
profeins generated by alternate splicing localize to the

nuclear and/or cytosolic compartments of the cell. Binl -

_ splice isoforms, some of which are alternately termed
B8  amphiphysin IT isoforms, have been suggested to control
actin organization, endocytosis, and transcription
(Wigge and McMahon, 1998; Prendergast, 1999). Roles

in myoblast differentiation and membrane deformation

8 related to cytosolic localization have been suggesied
(Wechsler-Reya et al., 1998; Lee et al., 2002). Notably,
isoforms of Binl that localize to the nucleus can
suppress transformation by Myc and other oncogenes,
and trigger p53-independent apoptosis in human breast
cancers, prostaté cancers, melanomas, astrocytomas,
and neuroblastomas where expression of the endogen-
ous Binl gene is frequently lost, altered, or inactivated
(Sakamuro et al,, 1996; Elliott et al., 1999, 2000;
Galderisi et al., 1999; Ge et al., 1999, 20002, b; Hogarty
et al., 2000; Huang ér al., 2000). A recent study of the
Binl homolog in fission yeast, hobl +, identifies an
evolutionarily conserved requirement in stress-signaling
and cell cycle control (Routhier et al.,, 2003). We have
proposed thiat Binl adapter proteins act.as ‘bridging

integrators’ that link nuclear and cytosolic stress- -
‘'signaling pathways in cells, perhaps coupling nuclear -

. ' regulators such as c-Myc to actin control or vesicle
dynamics (Prendergast,. 1999). Here we show that the

EE  role of Binl in programmed céll death is contingent on -

transformation-associated stress. Our results reveal
genetic inferactions between RhoB and Binl in the

regulation of cell death in transformed cells. This finding

~ Oncogene
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bears on the functions of BAR adapter proteins, which
are poorly understood, by supporting the idea that these
proteins function in signal transduction. One clinical
implication of our work is the potential explanation it
offers for why FTI susceptibility is limited in human
cancers where Binl expression is frequently lost, such as

_ .breastin'd-_-psem? cancers.

Materials and methods
Tissue culture

The generation -and characterization of Bin] nullizygous”
animals will be described elsewhere. The heads, limbs, and

internal organs were removed from BF6S,embryos from
pregnant mice. Carcasses were individually minced in DMEN
and trypsinized 20 min at 37°C. Fetal bovine scrum (FBS) was
added to stop the trypsin and the cell snspension was seeded
into 25 cm? flasks containing DMEM and 10% calf serum. A
portion of this dispersed tissne was used for genotypic analysis.
Early passage fibroblasts were derived similarly from embryos
from' p53 —/- mice (a gift of A Levine). Embyro fibroblasts
were transformed at passage 2-3 by transfection with 10 ug
cach -pT22 (mutant human H-Ras vector) and .plA/neo
(adenovirus E1A) or pCMVneo Tag (SV40T antigen) (Pre-
ndergast ef al., 1991), essentially as described previously (Lin
et al., 2000). plA/nco contains a fragment of the adenovirus

- genome that expresses the 138, 128, and 9S E1A polypeptides.
"In some experiments, we also examined the response of a

mutant H-Ras-transformed mouse embryo fibroblast (MEF)
cell donc that arose from a focus but that did not express E1A
(presumably established by spontaneous immortalization).
Cells were passaged at a 1:5 ratio the day after transfection
and transformed cell foci were cloned and expanded into

" E1A+Ras (ER)- or T+ Ras (TR)-transformed ctl lines 12-14

days later. The status of Ras farnesylation in ER and TR cells

- was documented by a Western mobility shift assay that has

been described (Liu et al., 2000). A derivative of ER +/+ cells
that overexpressed Bcl-2 was generated by transfection of a
human Bcl-2 vector (Sakamuro et al., 1995). Transgene
expression was confirmed by Western .analysis with a Bcl-2 -
antibody (Santd Cruz Biochemicals).

Cell assays

Cell morphology was documented by photography after 40h
treatment with 1004 FTT L-744,832 or DMSO carrier (Kohl
et al., 1995), or after 24h treatment with 10ng/m! TNF-«
(Alexis) with or without 2.5ug/ml cycloheximide (Sigma):
Anchorage-independent cell proliferation was monitored in
soft agar culture as described previously. The phosphotidyli-
nositol 3'kinase (PI3’K) inhibitor L'Y294002 (Calbiochem) was
used at 1001 for some apoptosis experiments. For flow
cytometry, 5 x 10°cells were seeded onto 60mm dishes and
treated 16h later with FTT L-744-832 or vehicle in DMEM
containing 0.1% calf serum. After 241 cells were harvested by
trypsinization, washed once with PBS, fixed in 70% ethanol,
and statned in"PBS ¢omtaining Spg/ml propidium iodide,
10ug/ml RNase A, and 0.1% glucose. Flow cytometry was
performed essentially as described previously (Liu ez al., 2000), -
using a FACScan cell analyzer and CellQuest software
(Becton-Dickinson). The proportion of cells in the sub-Gl
phase DNA fraction, which exhibit DNA degradation, has
been demonstiated to be correlated with an apoptotic
phenotype in this system (Liu et al., 2000, 2001a).
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Gene expression and activity assays : :.'.f.*. ..[..

For Northern analysis, tota! cytoplasmic RNA wag isolated
from +/+ and -/~ MEFs and examined essentially as
described (Prendergast and Cole, 1989). Biots wers hybridized
with a ZP-Jabeled probe generated from a mouse Binl cDNA
probe using standard methods. Apoptosis was confirmed i

cell extracts by Western analysis of the caspase-3 substrate
PARP (Chemicon). M—*M

Actin bnmqﬁuor&rca;oe ' '

Cells were seeded onto coverslips in 24-well dishes and treated
the next day for 40h with 1004 1-744-832 or an equivalent
volume of vehicle. Cells were fixed and stained with 288 .

Tumor xenograft assay ¢-% 188 -]
*ER cells were tested for tamorigenic potential in B week old

scid mice (Fox Chase CB-17 scid mouse strain established at

The Wistar Institute by D Bosma).. Mice were injected o )
subcutaneously on the upper thigh of different legs of the I{%T lhg:'f:tm:/"fm /‘f MEF %s“m m’a’:”ég
DM imal with 10° +/+ or /- cells suspended in 200 4 of o Northern gels thar wneOI:l;ncdp::ryhybnd' ized to 8 32P Jabeleg
DMEM. Palpa'b_lc fumors appeared at the injection sﬂc_ w:thm Binl cDNA probe. The bottomn panel presents a photograph of the

1 week and visible nodules of >0.5em appeared within 2 ethidium bromide-stained gel 25 a control for RNA loading

weeks. For FTI expeniments, when the tumor reached ~ 50— -
100 mm®, mice were dosed once daily as described (Kohl et al,
1995) by intraperitoneal injection with FTT 1-744,832 (40 mpk/
day) or 30% DMSO carrier in 0.2m! total volume, Tumor
volumes were calculated using the formula width? x

we employed a mode] ce]] system using embryo

length x 0.52 fibroblasts that were isolated from mice in which the
Binl gene had been targeted for deletion by homologous

' recombination. Generation and characterization of

: these mice, which lack expression of all the splice

Results isoforms of the BinJ gene, is described elsewhere Muller
gt Sl et al., manuscript submitted). C . .

m’gg‘v erase is susceptible to inkibition in cells “MEFs were isolated from Ei3.5 embryos that were

wild-type (+/+) or homozygous null (+/-) for the Biny
Experiments in ElA + Ras-transformed b%»“ﬂs gene. Northern analysis confirmed expression of Bin]
have established that FTTs must elicit a gain-of-fufiction messages in +/+ but not jp —/— MEFs, consistent with
in RhoB to activate apoptosis (Liu er al, 2000). embryo genotypes (Figure b. Wild-type MEFs express
However, the elements requited downstream or in  the two ubiquitous splice isoforms of Binl; other splice
parallel to RhoB are undefined. p53 mediates many cell  isoforms expressed specifically in the central nervous
suicide events, but P53 is largely disperisable for FTI-  system or skeletal muscle are undetectable in these cells
induced apoptosis (Lebowitz et af,, 1997). We therefore  (Muller e al., manuscript submitted). FTTs only activate
explored other tumor Suppressor genes that have been apoptosis in transformed cells (Lebowitz et of, 1997;
implicated in cell death control. Based on previous  Suzuki et al, 1998), so primary MEFs were cotrans-
studies in our laboratory we speculated that FTI-  formed by adenovirus E]A Plus mutant H-Ras,
induced apoptosis™ might involve Binl, a tumor sup. - Nullizygous MEFs were susceptible to focus formation
pressor gene identified by virtue of its interaction withc-  and cell lines derived from individual foci readily formed
Myc (Sakamuro e al,, 1996) and implicated recently in = colonies ‘in soft agar (datd not shown). ElA+Ras-
programmed cell death processes in human tumor cells  transformed: cells are termed ER cells below and the +/
and.in Myoc-transformed primary cells (Elliott ef al,  + or—/- genotype noted refers to BinI unless otherwise
2000; DuHadaway et af., 2001). To test this hypothesis,  indicated. ER cell transgene expression and transformed

Oncogene
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. tion.

- ibility of endogenous

' treated cel N iy oo ity e Iy TS

phenotype were confirmed by Western analysis and
tumor formation in immunocompromised scid mice,
respectively (data not shown). We concluded that MEFs
lacking Binl are susceptible to oncogene transforma-

‘Mutant Ras must be farnesylated to cooperate with
ElA in primary cell transformation; so Bin1 deletion did
not compromise farnesylation in cells. To
establish that™ B

bini dele
FT to suppression by FTL, for
exampleaby promoting drug efflux or turnover, we
compared the farnesylation status of H-Ras in drug-

=i Following 241 treatment with FTI 174,832
or vehicle only, ER cells were lysed and processed for

Western analysis with anti-Ras antibody Y13-259, as

described (Kohl et al, 1995). H-Ras farnesylation was
blocked with similar efficiency in -+ /+ and -/ cells, as
illustrated by a similar shift jn gel mobility that is
diagnostic for inhibition of farnesylation (Figure 2. We
concluded that loss of. Binl does not affect FT activity
or susceptibility to inhibition by FTTs.

ER +/4+
- FT

ER -

Figare 2 Binl deletion does not affect the ability of FIT L~
744,832 to inhibit H-Ras farmmesylation. H-Ras was used asa
pharmacodynamic indicator of FT inhibition. Processing of H-Ras
in ER cells treated with vehicle (controf) or FTI L-744,832 was
monitored as described (Mangues et ., 1998), except that anti-
Ras monoclonal antibody Y13-259° was used to hybridize the
Western blot. The decrease in the apparent gel mobility of Ras is
diagnostic for loss of famesylation and hence inhibition of
farnesyltransferase .

Figdre 3 Binl is dispensable for

on did not affect the ‘suscept- -

NPG.ONC 12648

A
\

Binl is dispensable for morphological reversion, actin
stress fiber formation; and growth inhibition by FTlIs

Following FTI treatment, Ras-transformed cells under-
go a rapid shift to a fiat morphology that is associated
with robust actin stress fiber formation (Prendergast
et al., 1994). We have established that a gain of function
alteration of RhoB is sufficient and necessary for these ~
drug responses in MEF's transformed by EIA and Ras
(Liu er al, 2000). Binl adapter proteins are not
farnesylated and BinJ deletion did not affect the ability
of FTIs to elicit the gain-of-function in RhoB, as
expected (data not shown). To determine whether Binl
s essential to various facets of the FTT response, we first
compared the morphology and actin stress fiber net-
works of ER ¢ells treated with FTL. Actin stress fibers
were monitored by immunofiuorescence microscopy of
cells stained with fluorescein-conjugated phalloidin,
Wwhich binds specifically to filamentous actin. Untreated
ER -/~ cells displayed a more spindle and rounded
morphology and reduced actin ruffles. Nevertheless,
these cells exhibited a robust reversion and actin stress
fiber response to FTIs in the same manner as ER +/+
cells (Figure 3). Thus, unlike RhoB (Liu ez al, 2000),
Binl was not required for FTI-induced actin reorganiza-
tion. FTIs also inhibit the prolifetation of Ras-
transformed cells (reviewed in Prendergast, 2000). A
comparison of the proliferation of ER cells in soft agar
culture showed that FTIs inhibited colony formation of
ER +/+ and ER -/~ with the same efficiency (Figure 4),
Thus, Binl was also not required for FIT-induced
growth inhibition. We concluded that BinJ was dis-
pensable for the RhoB-dependent effects of FTIs on ER
cell morphology, cytoskeletal actin organization, and
anchorage-independent growth. :

Binl is crucial for apoptosis by FI1

When Ras-transformed cells are deprived of serum
growth factors or substratum adhesion, they undergo
apoptosis instead of growth inhibition in response to

the morphoiogical and defin stress fiber responses to FTI t.'reatmml. (a) Morphology. Cells were

photographed 40k after treatment with 10 04 FT1 or vehicle. (b) Actin response. Cells were treated with 10 #M FTI or vehicle for 30h i
and F-actin was visualized in paraformaldehyde-fixed cells by fivorescein-conjugated phalloidin staining and immunofluorescence

microscopy




NPGONC.12648

ER +/4 .

Figure 4 Bin] i dispensable for suppression of anchorage-
independent cell growth by FTL cells 10* were seeded into soft
ager culture in the presence or absence of 1004 FTT and
Photographed 14 days later

FTI treatment (Lebowitz e; al,, 1997; Suzuki er al., 1998;
Du e al, 1999b; Lin e o1 2000). Which response
predominates is determined by the status of the PI3’K-
Akt pathway Du et al, 1999b). Insufficient PI3’K-Akt
activity makes cells susceptible to apoptosis. This
condition is generated in transformed cells by serum
deprival, substratum deprival, or PI3'K inhibition.
. Under such conditions, RhoB is crucial to engage

apoptosis (Liu er al., 2000). To test whether Binl is also
crucial, we compared the apoptotic response of the
transformed ER + [+ or ~/~ cells which expressed or
lacked Bin1 proteins due to gene deletion.

ER +/+ cells underwent massive apoptosis when
exposed to 10wy FTT under suboptimal seriim cond;.
tions, as observed previously (Liu er al., 2000), with
detached, rounded cells appearing within 16-24h of
- drug treatment. Flow cytometry indicated an ~¢ight-

fold increase in the sub-G1 phase population of cells, a
diagnostic indicator for FTl-induced apoptosis in this
system (Liu er al., 2000, 2001a). In contrast, ER —/— cells
underwent morphological reversion to 3 flat phenotype
but did not display increased detachment or rounding,
Longer incubation times or higher drug concentrations
did not elicit cel] demise, arguing that BinJ did not

induced apoptosis (Suzuki er al.,
1999b). Characteristic cleavage of PARP occurred in
ER +/+ cells, beginning at 4-8 b after FT1 treatment,
whereas PARP was not cleaved in ER

. ingly, Bin] deletion also elimina

Transformation strass in apoptosis by Bin1
JB DuHadaway ef af

response was dependent upon the
cell, rather than

-

similar re.
- U

or ElA+Ras-
at were either wild-type or
ta pot shown).

tiate the death resistance pheno-

Bcl-2 cells (Figure Sc, inset). The appearance of sub-G|
phase cells was Suppressed ~ 2 5-fold following FT1
treatment, as measured by flow Cytometry, relative to
vector control ER + [+ cells (Figure 5¢). The less
robust suppression conferred by Bcl-2 in ER +/+ cells
Supports a diffetent basis for the FTI-resistant pheno.
type of ER -/~ cells. To corroborate these observations,
we determined whether ER /- cells were resistant to
apoptosis induced by FTT jn the presence of serum plus
the PI3’K inhibitor LY294002 Du er al,, 1999b). As
observed previously, ER +/+ cells underwent apopto-
sis when treated 24} with 10um FTI phus 10 um
LY294002 (Figure 6). By jtserf LY294002 shifted the
morphology of ER + [+ cells but did not substantially
affect their viability, as quantitated by the proportion of
sub-G1 phase cells measured by flow Cytometry. In
contrast, 1.Y294002 did not cooperate with FTT to
activate apoptosis in ER — cells (Figure 6). Interest-
inated the morphological
shift caused by LY294002 in the absence of FTI1,

P33 deletion does npt replicate the apoptotic defect of

Bl deletion

1997; Barrington ¢ al., 1998), we wished to explicitly
address the possibility that p53 deletion could phenoco-
py the death resistance displayed by ER -/ cells.
Toward ‘this end, P33 nullizygous MEFs were trans-
formed by B1A plus mutant Ras, generating R p53-/-
cells for examination (Figure 7). In response to FT]
treatment, ER p53 -/ cells underwent morphological
reversion, stress fiber induction, and growth inhibition,

efficiency of the response as quantitated by flow

. Cytometry was bluntcd.partially relative to ER cells -

with intact p53. Nevertheless, the result ‘established that
P33 deletion does not abolish FTI-induced apoptosis in
the same manner as BinJ deletion,

Oncogens
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SVAO T antigen, which inkibits pS3-independent cell death
induction by Binl, inhibits apoptosis by FTT =~

~ We took a second approach to corroborate the Binl

L N I

requirement in FTI-induced

induced cell death in & p53

apoptosis, based .on evi-

dence that SV40 large T antigen can ‘suppress Binl-

-independent manner (Elliott

et al., 2000).
transformed b

In these experiments, MEFs were

y T antigen plus mutarnit Ras, generating

Figure 5. Binl deletion abolishes apoptosis by FTIL (a)
Morphology (top panels). ER cells were photographed after 24 h
treatment with DMEM containing 0.1% FBS plus either 100: FTI
or an equivalent volume of DMSO wvehicle. Flow cytometry
(bottom panels). 5x 10° cells were seeded into 60mm dishes,
treated as above, and processed as described. The proportion_of
cells in the sub-G1 phase DNA fraction (degraded DNA) is
diagnostic for apoptosis i this cell system (Liv ef af, 2000). The
titation of sub-G1 phase cells is noted above the bar in the
cytometry histograms. (b) PARP clesvage. ER cells were
treated with 10464 FTI for the times indicated and cell extracts
were prepared and analysed by:Western analysis with a PARP
antibody. The cleaved product appears below the indicated full-
. length protein. (c) Bcl-2 overexpression does not replicate the Binl
</~ resistance phenotype. ER +/+ derivatives overexpressing
buman Bc-2 (insef) were treated as in ) )

TR cells for examination. Based on the evidence above,

-~ one would predict apoptotic resistance in TR + [+ cells.
We confirmed similar susceptibility to FT inhibition in

TR cells (Figure 8a). As seen in ER cells, TR cells
exhibited similar actin stress fiber and growth inhibitory
responses to FTI treatment (Figures 8b and ¢). In
contrast, both +/+ and TR —/- cells were resistant to
FTI-induced apoptosis (Figure 8d). This result offered a
second line of corroboration for the conélusion that
Binl was required for the apoptotic response of
transformed cells to FTI treatment. . ,

Binl is critical for the antineoplastic response of tumor
xenografts to FTT treatment » :

Previous work established that the apoptotic defect
caused by RhoB loss compromises the response of

deletion produced a similar apoptotic defect, we
. compared the FIT 1esponse of ER +/+ and ~/~ cells

grown as allografts in severe combined immunodeficient

(scid) ‘mice. Cells (107) were injected into the opposite

thighs of the same animal, to control for nonspecific

environmental effects, in a total of - twenty mice.

Palpable +/+ and ~/~ tumors in each animal formed
 within 7 days of injection. At 1 week after the allograft

was initiated.mice were assigned randomly to control or

drug treatni®fit groups. The drug treatment group was
* dosed once daily for 16 days by intraperitoneal injection
with 40mg/kg FTT 1-744,832 as described (XKohl et al,
1995). Control mice were ‘given vehicle carrier only.
Tumor volumes were calculated from caliper measure-
ments taken at various times -during the trial. No
adverse _side-effects of L-744,832 administration were
observed consistent with previous observations (Kohl
et al., 1995; Barrington et al,, 1998; Mangues- er al,
1998; Liu er al., 2000). At the end of the trial, mice were
euthanized and their tumors were surgically excised for
weighing and examination. -

ER allografts exhibited a significantly different
‘susceptibility to FTI suppression (Figure 9). -/ tumors
exhibited a_higher apparent growth rate, but the
difference with +/+ xeriografts was not statistically -
signiificant. Similar to previous observations (Liu et al,
2000), +/+ tumors were strongly inhibited by the drug

 protocol and grew little relative to controls, In contrast,
/- tamors continued to grow robustly such that by the
end of the experiment they were statistically similar to
‘controls in size. The fact that —/~ tumors continued to
grow in FTl-treated animals implies that apoptotic
. capacity plays a predominant role in the:in vivo

~

tumor allografts to FTI treatment in vivo{as_fin_cigmj__,
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fi.gnu 6 Binl dd'cli'on abolishes

p-aprs el

apoptoﬁs by FT1-II. Morphology (top panels). ER cells were photographed after 24h treatment with

DMEM containing 10% FBS plus DMSO vehicle or 10 )yad FTT in the presence or absence of 10 04 1.254002. Flow cytometry (bottom
panels). Cells were treated as above and processed as before. The quantitation of sub-Gi phase cells is noted above the bar in the flow

Cytometry traces

Tesponse. We concluded that Binl js crucial to the
antineoplastic response of tumor cells to FTI treatment.

Discussion i

This study defines a critical role for the tumor

suppressor Binl in the cell suicide program engaged by
ip_transformed primaryacells. This program is

marked by its peculiar selec vity in transformed cells:

most FTTs studied to date have Little to no effect on the
viability of nontransformed mouse cells, but they are
potent inducers of apoptosis in cells that are trans-
formed by Ras and certain other oncogenes. This
characteristic makes FTIs a useful probe of cell death
processes that are intimately connected to the patho-
- physiology .of neoplastically transformed cells. While
FTIs have a variety of effects .on transformed mouse
cells, such as reversion, stress fiber induction, and
growth inhibition, we demonstrated that Bin] is
required only for FTIs to trigger apoptosis. The

apoptotic defect in cells lacking Binl is significant
because the defect compromised the antitumor efficacy
of FTIs in vivo. Bin1 proteins appear to act downstream
or in parallel to the FIT target protein RhoB, which is
sufficient and/or necessary to mediate the major features
of the FTI response in the mause, inchuding apoptosis,
via a gain-of-function mechanism (Du et al,, 1999a; Du
and Prendergast, 1999; Liu et al., 2000). These findings
identify Bin] as a second element with RhoB that is part
of a cell death process linked to transformed cell
pathophysiology. RhoB has important functions in
stress signaling (Prendergast, 2001) and recent genetic
investigations in fission yeast support a similar role in
stress signaling for Binl (Routhier er al, 2003). Thus,
the specific requirements for RhoB and Bin] in FTI-
induced apoptosis may refiect broader roles for these
genes in & unique stress signaling process. Prelimi

experiments using TNF-«, another factor that selectively
targets the survival of transformed cells; support the @
conclusion that Bin/ has a function in Aapoptosis that is _

contingent upon a transformation-related stress. Loss of
Binl compromised the ability of TNF to trigger

Oncogene
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Figwe 7 p53 deletion does not replicate the Binl defect. ER p53
=f— celis were exposed to 10 ¢ FTI or DMSO vehicle in DMEM
containing 10% FBS (morph, actin, growth panels). Morphology
was documented by photography 40h after FTI treatment. Actin
and cell growth in soft agar culture were assayed as above.
Apoptotic response was assessed in DMEM containing 0.1% FBS.
After culturing 24 h in the presence of 10 za¢ FTT or DMSO vehicle,
cells were photographed and the harvested and processed for flow
cytometry as abpve. The quantitation of sub-G1 phase cells is

noted above the bar in the flow cytometry traces

apoptosis in ER cells, but it did not affect the ability of
TNF plus cycloheximide to kill primary cells or ER -/~
cells. In this cell system, the death defect compromised
mitochondrial refease of cytochrome ¢ and activation of
caspases-9 and -3 in & manner that was associated with
dysfunctional control of NFkB, at a level beyond IkB
régulation (unpublished observations). Taken together,
thése observations argue that Binl is needed to mediate
the death sensitization causell by neoplastic transforma-
tion in certain settings. -

During cancer progression, a strong: selection &eaid
% expected against transformation-associated ‘death

" Oncogene

penalties’ that limit cell survival. Therefore, the func-
tional status of genes that mediate such processes would
be expected to have a significant impact on cancer

progression. Such genes would also be. expected to.
. impact therapeutic responses, in cases where the

‘therapeutic window’ is based upon heightened death
sensitivity. The results of the present study suggest that
Bin] status may be an important determinant of
apoptotic susceptibility to FTI. Notably, losses of Binl
expression occur frequently in advanced breast and
prostate cancers (Ge et al,, 2000a, b) and- Binl is

frequently inactivated by missplicing during the pro- _

gression of malignanit melanoma (Ge ef al., 1999). These
observations may be relevant to the interpretation of
ongoing FTI clinical trials which aim at assessing and
interpreting efficacy in various cancers, inchiding the
ones mentioned above, = :

Bin] has been implicated in a variety of processes but
its function has yet to clearly emerge. This gene encodes

_ several alternately spliced adapter proteins; the first of -
which was identified by virtue of its functional interac-

tion with c-Myc (Sakamuro et al., 1996; Elliott et al.,
1999). Recent studies support a role for Binl in death
signaling in c-Myc-transformed cells and in human

inactivated by missplicing (Ge et al., 1999, 2000a, b).
In these studies, Bin/ was implicated in cell death
in malignant or transformed primary cells, but
not in nonmalignant or nontransformed cells. The
present study supports and extends the earlier work,
by using a knockout system that can offer more robust
and direct support of a role for Binl in cell death

" signalin

g ..

‘While initial studies focused on proposed connections
between Binl and c-Myc, the breadth of work to date on
the Binl gene reveals a more complex and integrative
signaling function that extends beyond the Myc net-

work. Bin1 proteins are members of the BAR family of -

adapter proteins, including’ the budding yeast Rvs
proteins and the mammalian amphiphysin protein,
which have been implicated in actin regulation, en-
docytosis, and nuclear processes (Wigge and McMahon,
1998; Colwill et al., 1999; Bon et al, 2000). Budding
yeast studies in particular suggest an important role for
the actin -cytoskeleton as a key site of action for BAR
adapter proteins (Breton and Aigle, 1993; Balguerie
et al., 1999; Colwill et al., 1999). However, Binl appears
to have functions that differ from and/or extend beyond
those defined for amphiphysin and the Rvs proteins, as
suggesteqsfor example by (i) the nuclear localization of
certain Binl isoforms”and their functional interaction
with nuclear Myc and Abl proteins (Kadlec and
Pendergast, 1997, Wechsler-Reya et al., 1997; Elliott
et al., 1999), (i) the lack of endocytosis defects in Binl
—/- cells (A Muller et al., manuscript submitted), and
(iii) the ability of Binl to complement defects in stress-
induced cell cycle contro > - inati
= i~ that are generated in fission yeast
following deletion of the Bin! homolog hobl+ (Rou-
thier er al., 2003). In summary, Binl adapter proteins

.cancer cells (Elliott et al,, 2000; DuHadaway er al.,
2001), where Binl is frequently dowmrepatmtat,or @

V/CJWS




NPG.ONC.12648

Transformation stress in apoptosts by Bin] e
JB DuHadaway et a/ )

Figwre 8 SV40T antigen suppresses FT1-induced apoptosis. (a) Susceptibility of FT to inkibition. The farpesylation status of H-Rns

in TR cells wasmom‘tomdbyWstzmlnzlyxisasiangmeZ.@)Acﬁnmponsc.mcgﬂswatmwdmdpromedformnmng

a8 above. (c) Growth mnhibition. TR cells 10* were sceded into soft agar culture in the presence or absence of 10 FII and
photographed 14 days later. (@) Apoptosis. Morphology (top panels) of TR cclls was tocumented as before after culturing 24k in
DMEM plus 0.1% FBS in DMSO vehicle or 10,04 FTL. Flow cytometry (bottom panels) was performed as above. The quantitation of
sub-G1 phase cells is noted above the bar in the flow cytometry traces
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Figare 9 Binl deletion compromises the anti-tumor efficacy of
FTIs 10" ER +/+ or —/- cells were injected subcutaneously into
opposite thighs of a single scid mouse (total of 20 mice). Mice were
assigned randomly to drug treatment or control groups and 1 wk
later dosed daily for 16 days by imtraperitonea! injection with FTT
(40mp/kg) or vehicle carrier. One animal in the treatment group
died as a result of an errant injection. Tumor size was measured by
caliper and tumor volumé was computed as described in the
Materials and Methods. The data represent the average and
standard mean error of the tumor volume as computed at the times
indicated

have complex signaling functions in animal cells,
perhaps related to stress signaling, that have yet to be
fully understood.

Other connections between RhoB and Binl proteins
can be drawn in support of their involvement in a
common signaling process. Binl proteins’ lack evident
Rho-interaction motifs and do not appear to associate
with Rho proteins. However, a Rho guanine nucléotide
exchange factor (RhoGEF) was recently identified as a
Binl-binding protein in our laboratory, and several
other members of the human BAR adapter family -
actually include RhoGEF and RhoGAP domains as
part of their structure (AM and GCP, unpublished
observations). Moreover, some of these genes include
membrane-targeting  sequences such as pX and PH
domains that in some cases have been linked to actin-
based systems or vesicle dynamics. Neuronal isoforms of
Binl, also referred to as amphiphysin II, are found in
specialized endocytotic complexes that function in
synaptic vésicle endocytosis (Wigge and McMahon,
1998). While studies in Bin! knockout mice have failed
to identify an essential role for this gene in endocytotic
processes (Muller er al, manuscript submitted), the
presence of at least some Bin! isoforms in endocytotic
complexes suggests some role in those complexes,
perhaps to integrate stress signals. Genetic analysis of
RVS167, the ortholog of Binl in budding yeast, points
to direct interactions with actin (Baer et al., 1993;
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Amberg ef al., 1995; Breton and Aigle, 1998; Balguerie
et al., 1999), inchuding a role in coordinating cytoskeletal
and cell cycle responses (Lee ef al., 1998). Recent work
-on hobl -+, the homolog of Binl in fission yeast, suggests
that the function of Binl may have diverged to some
extent during evolution. Fission yeast cells lacking
hobl+ do not display actin cytoskeletal or endocytotic
defects, like budding yeast cells lacking RVS167, but
instead display defects in stress tesponses tnggered by
starvation or DNA damage (Routhier ez al., 2003).

The likely intersections of Binl with stress signaling,
actin, and membrane dynamics are mtngmng in light of
the same intersections made by RhoB, which is localized
in cytosolic. membranes but perirps a]so to the nucleus
and/or nuclear membrane (Adamson et al, 1992;
Lebowitz er al., 1995; Zalcman et al., 1995; Lebowitz
and Prendergast 1998; Michaclson et al, 2001) (L
Benjamin, pers. comm.). In the endosomal compart-
ment, RhoB regulates intracellular receptor trafficking
through interactions with its effector kinase PRK
(Mellor et al., 1998; Gampcl et al., 1999), which has

“also been xmphcated in apoptosis (Cryns et al,, 1997,

Takahashi er al., 1998; Koh et al., 2000). leen the
possibility of an etfector role for Binl in the FTI cell
suicide program, it is tempting to specnlate that Binl
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